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Abstract 
    The built environment contributes significantly to the rapidly growing world energy expenditure. Due to 
urbanization, buildings will continue to contribute to these escalating trends because of their tighter spatial 
interrelationships, and the influence of their surrounding micro-environment with respect to their orientations and 
designs. The concept of the Inter-Building Effect (IBE) was introduced to understand such complex mutual impact 
within spatially proximal buildings. As an extension and a more nuanced analysis of the IBE, our research sought to 
disaggregate and quantify the influence of mutual shading and mutual reflection within a network of buildings. A 
procedure to separately assess the complex interactions that make up the IBE was developed by comparative 
simulation and analysis in a dynamic simulation environment. We built an urban building network model and 
conducted cross-regional analysis under different climatological contexts by examining mutual shading only and 
mutual reflection only, respectively. We found the shading effect played a more significant role in terms of impact on 
energy consumption. This resulted in substantial variations for the control building’s energy consumption when the 
shading effect was disaggregated from the IBE. The results of the simulations in varying climatological contexts also 
revealed consistent trends of greater impact on the IBE for shading and reflection in warmer climatic cities. These 
findings expand and deepen our understanding of the IBE and may help in the search to minimize mutual influences 
between buildings that lead to increases in energy consumption in urban environments. 
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1. Introduction 
Rapidly growing world energy expenditure has raised global concerns and became a central topic over 
the last several decades. The built environment is a major contributor to this trend. Cities represent the 
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highest concentration of energy use (they occupy 2% of the earth’s surface but their inhabitants consume 
75% of the world’s resources) [1], and the buildings alone account for the largest proportion of energy 
consumption with as much as 32% of total final energy consumption and nearly 40% of primary energy 
consumption [2]. The numbers are especially prominent in modern developed countries. According to the 
latest statistics from U.S. Energy Information Administration [3], nearly half of all energy produced, and 
three-quarters of electricity, is consumed by the building sector in the United States. In Europe, 40% of 
total energy consumption was used by residential and commercial buildings [4]. Additionally, fast 
developing countries are contributing more energy consumption along with their economic booms. China, 
for instance, has had a dramatic increasing rate for energy usage since the beginning the 21st century and 
it surpassed the United States as the world largest energy consumer in 2010 [5].  
 
While a number of measures have been taken within the scope of energy conservation and 
sustainability to deal with the energy issue related to buildings, another substantial global trend has 
emerged to impede us from a more sustainable built environment. Increased industrialization and 
urbanization in recent years have dramatically affected urban buildings with major impacts on energy 
consumption [6]. A recent report from the United Nations [7] projected the population in urban areas to 
reach 6.3 billion in 2050, 72% greater than the 3.6 billion urban dwellers in 2011. It is reasonable to 
expect urban morphology to include tighter spatial interrelationships in the future, which exacerbates 
urban energy consumption and also influences the surrounding microenvironment and microclimate.  
2. Background and research objectives 
Urban microclimates are both complex and dynamic. Urban morphology, characterized by building 
density, size, height, orientation, and layout, causes considerable variations in the local environment. 
Early research generated insightful discoveries that urban microclimates and buildings are inextricably 
interwoven: urban microclimates affect a building’s performance in term of energy consumption and 
indoor environment, while buildings affect the urban microclimate within their building networks [8, 9]. 
Thus, to treat buildings as stand-alone entities does not accurately represent a building’s energy 
performance since it does not consider the nearby buildings in an urban environment. One example is that 
reflective envelopes could reflect daylight and cause problems such as glare and overheating, which may 
result in visual and thermal discomfort to building occupants [10]. Thus, building networks and urban 
street canopies have been taken into consideration by building researchers to study the relationship 
between nearby buildings. Carlos et al. [11] proposed an approach on the optimal placement of buildings 
that favors the use of solar energy. Taking into account different “height-to-width” ratios, Krüger et al. 
[12] evaluated the effect of different street canyon geometries and orientations on building cooling loads.  
 
To understand the complex interactions within spatially proximal urban building networks, the concept 
of the Inter-Building Effect (IBE) has been introduced and studied over the last several years [13, 14]. 
Research has demonstrated that the interrelationship between buildings within building networks results in 
substantial inaccuracies (up to 42% in summer, and up to 22% in winter) of energy consumption 
predictions for space heating, space cooling, [13] and lighting [14]. The research also demonstrates that 
the energy performance of one building can be significantly impacted by surrounding buildings through 
mutual reflection and mutual shading. With foreseeable urbanization, tighter spatial interrelationships 
between buildings in urban settings is exacerbating the IBE and necessitating a more nuanced analysis of 
its effects. However, previous research has largely considered the IBE as a combined effect across 
building networks. The research presented in this paper builds upon previous approaches concerning the 
study of energy and thermal behavior of buildings in a dense urban context to further analyze and 
1350   Yilong Han and John E. Taylor /  Energy Procedia  75 ( 2015 )  1348 – 1353 
understand the effect of mutual impact by the IBE in a micro-urban environment. Our objective is to 
develop a procedure to separately assess the complex interactions that make up the IBE. Through 
comparative simulation and analysis, we sought to disaggregate and quantify the influence of mutual 
shading and mutual reflection within a network of buildings.  
3. Methodology 
3.1. Simulate the IBE in a dynamic environment 
For the purposes of front-end design and a more sustainable building lifecycle, building researchers 
have started to employ numerical analysis over the last several decades [15, 16]. Simulation tools offer 
powerful functionalities to predict and improve building energy consumption for both research and design 
purposes. Of current mainstream simulation environments and platforms, EnergyPlus [17], an energy 
analysis and thermal load simulation engine distributed by the U.S. Department of Energy, has become a 
popular building energy performance simulation owing to its sophisticated and validated functions. It was 
utilized for previous IBE dynamic building analyses. 
Early IBE simulation efforts were conducted based on a realistic physical urban block in New York 
State [13]. The research demonstrated that buildings could mutually influence the energy dynamics of 
nearby buildings especially for cooling and heating and cause substantial energy prediction inaccuracies 
over the course of a year. Later research [14] further investigated the energy discrepancies in lighting and 
validated the IBE, i.e., mutual shading and mutual reflection, as an important effect to be modeled in 
situations where buildings are surrounded by other nearby buildings. Real-world experimental work and 
empirical data were used to calibrate and verify the simulation work. For the authenticity of the 
simulation results, we retained information about construction materials, temperature set-points, and 
schedules for lighting, equipment, and occupants from previous studies. We built an urban block model 
with a network of nine buildings, and treated the middle building as the control building in which the 
energy and thermal properties were controlled and monitored. The shading surface element for shading 
and reflection in the EnergyPlus environment was suitable for our modelling needs and was implemented 
for neighboring building envelopes. 
3.2. Procedure for disaggregating shading and reflection from the IBE 
Shading and reflection have been evidenced as major contributors that make up the IBE. Therefore, we 
sought to develop a procedure to disaggregate mutual shading and mutual reflection and assess them 
separately in the numerical simulation and analysis. The setting in the field of “Solar Distribution” in 
EnergyPlus enabled us to singularly test the shading effect. It has five parameters, including; 
“MinimalShadowing”, “FullExterior”, “FullInteriorAndExterior”, “FullExteriorWithReflections”, and 
“FullInteriorAndExteriorWithReflections”, which determine how the dynamic environment treats beam 
solar radiation and reflectance from the exterior surfaces that strike the buildings surfaces. This 
functionality thus enables us to test mutual shading alone by eliminating reflection calculations. Such 
application is usually utilized for less-detailed schematic analysis because reflection calculations can be 
time-consuming and error-prone. From this, shadow patterns on the control building’s exterior surface 
caused by neighboring buildings are computed and the reflected solar radiation from its surroundings is 
neglected.  
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The shading effect can be manipulated by changing the value of “Transmittance Schedule” of shading 
surfaces with a range from 0.0 to 1.0. This schedule can be used to allow daily or seasonal transmittance 
change of a shading element such as deciduous trees that have higher transmittance in winter and lower in 
summer when their leaves are fully extended. The default transmittance value is 0.0 which means the 
shading surface is opaque at all times. However, setting it to a constant 1.0 can make the surface 
transparent and yet keep the reflective properties intact to test reflection alone when the 
“WithReflections” option is chosen for “Solar Distribution”. 
 
Previous IBE research has found that IBE effects vary by climatological context. Therefore, three 
typical U.S. cities, Miami, FL, Minneapolis, MN, and Washington, D.C. were selected for a cross-
regional analysis. Miami and Minneapolis represent the extreme climate conditions where heating and 
cooling loads are largely concerned, while Washington, D.C. has a distinctive and roughly equal length 
seasons as a typical temperate city. Under the weather profile of each city, several case studies were 
conducted to test the IBE without reflection, the IBE without shading, and the combined IBE, 
respectively. For all instances, the control building remained the same and was being monitored in terms 
of energy and thermal performance over the course of the simulation period.  
4. Analysis and results 
Annual results of control building energy consumption including space heating, space cooling, and 
total primary energy are contained in Table 1, Table 2, and Table 3 for Miami, FL, Washington, D.C., and 
Minneapolis, MN, respectively. In the tables: “IBE” stands for the combined IBE situation as baseline 
values; “IBE w/o R” represents the results when reflection is turned off for a comparable simulation; 
similarly, “IBE w/o S” denotes an inter-building environment without considering the shading effect. In 
the rows of “IBE w/o R” and “IBE w/o S”, variation percentages were also calculated according to the 
baseline combined IBE values. Our first observation from Tables 1-3 is that the patterns of the “+” and “-” 
signs stay the same across the three simulated cities, indicating that, for different climatic regions, 
removing the reflection effect could increase the control building’s heating energy consumption while 
decreasing its cooling loads. Conversely, heating loads drop and at the same time cooling loads climb 
when the shading effect is disaggregated. However, for all instances the shading effect plays a more 
significant role in terms of the impact on energy consumption compared to the reflection effect.  
Table 1. Control building’s energy consumption in Miami, FL 
Simulation Type Heating (kWh) Cooling (kWh) Total (kWh) 
IBE 82.5 39862.3 39944.9 
IBE w/o R 93.1 +12.8% 37200.1 -6.7% 37293.2 -6.6% 
IBE w/o S 58.4 -29.2% 51232.7 +28.5% 51291.1 +28.4% 
 
Table 2. Control building’s energy consumption in Washington, D.C. 
Simulation Type Heating (kWh) Cooling (kWh) Total (kWh) 
IBE 16620.4 16489.1 33109.5 
IBE w/o R 17374.4 +4.5% 14976.9 -9.2% 32351.4 -2.3% 
IBE w/o S 13126.2 -21.0% 23447.9 +42.2% 36574.0 +10.5% 
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Table 3. Control building’s energy consumption in Minneapolis, MN 
Simulation Type Heating (kWh) Cooling (kWh) Total (kWh) 
IBE 35871.2 12033.3 47904.5 
IBE w/o R 36808.4 +2.6% 10793.3 -10.3% 47601.8 -0.6% 
IBE w/o S 30660.9 -14.5% 18057.2 +50.1% 48718.0 +1.7% 
 
The results of total energy consumption in varying climatological contexts also revealed consistent 
trends of greater impact on the IBE for shading and reflection in warmer climatic cities. Miami has a 
higher percentage “+28.4%” for simulation without the shading effect, while Washington, D.C. and 
Minneapolis result in “+10.5%” and “+1.7%”, respectively. Similarly, when reflection is disaggregated 
Miami has a “-6.6%” in total energy consumption which is a higher percentage compared to Washington, 
D.C. (“-2.3%”) and Minneapolis (“-0.6%”).  
5. Discussion  
Buildings are a significant contributor to global energy consumption. Previous research has 
demonstrated that one building’s energy performance is influenced by its nearby micro-environment, and 
the concept of IBE has been introduced and discussed within spatially-proximal building networks. 
Although mutual shading and mutual reflection have been identified as two primary components that 
make up the IBE, such impact is generally considered as a combined effect. The research presented in this 
paper contributes to IBE research by developing a systematic approach in a dynamic simulation 
environment to disaggregate the impact of reflection and shading. We found shading to contribute to 
increased heating loads while reflection increased cooling energy required for spatially-proximal 
buildings. We identified a consistent trend indicating that when mutual reflection is turned off, shading 
has a relatively larger contribution to IBE within building networks. We also found the IBE to have a 
larger impact in warmer areas, with variation percentage from baseline use always being the largest in the 
tropical city of Miami. The smallest variation percentage was for Minneapolis, the coldest metropolitan 
city in the U.S. Thus, it suggests that future research on practical measures should focus more on shading 
interventions, especially in the cities under warm climatic conditions.  
Notwithstanding these contributions, the modeling and simulation efforts also have several limitations. 
The network of buildings was nine buildings to keep the research scope reasonable but sufficiently 
detailed to develop the proposed approach. It is possible that a more complicated outcome due to larger 
urban scale may exist.  Urban wind would be another component that influences the IBE. Wind patterns 
and speed should also be studied and disaggregated for further analysis. Future research should address 
these limitations as well as seek out measures to mitigate the negative impacts of the IBE. 
6. Conclusion 
The research in this paper built upon previous approaches that studied energy predictions in dense 
urban building networks. A procedure to separately assess complex interactions that make up the IBE was 
proposed. We disaggregated and quantified the influence of mutual shading and mutual reflection and 
conducted cross-regional case studies in EnergyPlus. The findings demonstrate that shading has a 
relatively larger impact compared to reflection on energy consumption, the effects of which are greater in 
warmer climatic cities. These findings may help us to mitigate negative inter-building influences and 
improve energy efficiency within urban building networks.  
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